Abstract. The Geobiodiversity Database (GBDB -www.geobiodiversity.com), an integrated system for the management and analysis of stratigraphic and paleontological information, was started in 2006 and became available online in 2007. Its goal is to facilitate regional and global scientific collaborations focused on regional and global correlation, quantitative stratigraphy, systematics, biodiversity dynamics, paleogeography and paleoecology. It is unique among global, public access databases in that it is a section-based online database system, incorporating data from a wide range of disciplines of stratigraphy and paleontology, with inherent interrelationship between different kinds of data sets. It provides the capability of completely digitizing raw data, as well as integrating of different interpretations to the same paleontological and stratigraphic content. Several Windows-based visualization and analysis applications, either fully integrated with the database or supported by subset-export functions, have been developed to make the database more useful as a scientific and educational tool. The GBDB became the formal database of the International Commission on Stratigraphy (ICS) in August 2012 at the 34 th International Geological Congress in Brisbane, and will produce comprehensive and authoritative web-based stratigraphic information service for global geoscientists, educators and the public.
Introduction
Stratigraphy and paleontology are fundamental disciplines for understanding the history of the Earth and life. Stratigraphy provides the tools to recognize, subdivide, and correlate sedimentary rocks, and paleontology provides the basic data for biostratigraphy, paleogeography and paleoecology. Here, we describe a new, integrated system for the management and analysis of stratigraphic and paleontological information, the Geobiodiversity Database (GBDB -www.geobio diversity.com). The GBDB is a section-based database, and therefore provides the possibility to conduct not only paleontological and biogeographical analyses, but also various stratigraphic analyses. Furthermore, among the main focal points for this new database are the extensive stratigraphic and paleontological records of China, which have garnered significant attentions in recent years for their roles in understanding critical transitions in Earth history (e. g., Stokstad 2001 , Rong and Fang 2004 , Xu et al. 2010 ).
There has been considerable growth in the published body of paleontological and stratigraphic data over the past several decades. Taking advantage of this information, the reference database in the GBDB contains 81,233 publications, most of which represent studies in stratigraphy and paleontology (Fan et al. 2012) . A compilation of the number of references published in each decade records a rapid increase since the 1950s (Fig. 1 , updated from Fan et al. 2012) . Over the same period a wealth of new techniques has been developed for the quantitative analysis of stratigraphic and paleontological data in the fields of systematics, regional and global correlation, biogeography, and evolutionary dynamics. Comprehensive quantitative analyses of biodiversity in an environmental or geographic context were not possible with the earlier generation of global-scale Phanerozoic databases (e. g., Sepkoski 1992 Sepkoski , 2002 . Following on the example of the Paleobiology Database (PaleoDB, http://pa leodb.org) and other ongoing efforts, the GBDB provides ready access to information and analytical tools that previously were widely dispersed among different places and publications, many of which would have otherwise been inaccessible or invisible to database users. The GBDB also facilitates collaboration among professionals working in geographically widespread institutions and in various scientific disciplines.
To be as useful as possible for a wide range of geologic applications, all the information in the GBDB, including geographic location, precise stratigraphicsection and level information, associated fauna, lithological data for individual samples and whole sections, and biostratigraphic and chronostratigraphic context, can be accessed individually or in interlinked combi- Fig. 1 . Decade-to-decade counts of the numbers of references published between the years 1700 and 2009 (updated from Fan et al. 2012) . Note that the initial data point includes the entire 18 th and 19 th centuries. The red line represents the curve from Fan et al. (2012) , which was based on data retrieved from the GBDB on February 15, 2012. From Feb. 15 to Oct. 28, 36,821 reference records had been compiled into the GBDB, but the updated curve shows the same pattern as the previous one. Data for all illustrations throughout this paper were retrieved on Oct. 28, 2012, if without particular explanation. nations. Furthermore, because different specialists often have dissimilar taxonomic and stratigraphic concepts, including different taxonomic designations for the same specimens or different global or regional chronostratigraphic determinations for the same stratigraphic unit, the database must be able to preserve and incorporate the history of opinion differences. The GBDB has facilities to record those different interpretations and permits users to choose the most recent or some other preferred interpretation when accessing or analyzing data.
There are two basic approaches to establishing any database. One is to incorporate information related to a particular research project from the literature and compile it into a database to meet the specific objectives of that project. The other is to transcend any single study, with the goal of providing a comprehensive digital repository. The latter is obviously far more time-consuming to compile; however, with this more comprehensive database it is easier to find the intrinsic relationships among different kinds of data, e. g., the relationship between the volume of sedimentary rocks and the alpha biodiversity through the Paleozoic. Theoretically, as long as the raw data are still usable, the complete digitalization of raw data can still act as the basic, indispensable source for paleontologists, stratigraphers and any other interested researchers with a wide range of research objectives.
As noted earlier, there are other web-based databases available for paleontological or stratigraphic studies, such as PaleoDB, Macrostrat (http://macrostrat.org) and GeoStrat (http://www.geostratex.org/). While the PaleoDB is now arguably the most comprehensive paleobiological database in the world, it is collectionbased, focusing on fossil records through earth history and thus serves mostly as a data source for paleobiological studies. Macrostrat, on the other hand, is more focused on documenting the quantitative spatiotemporal architecture of the rock record, which current coverage focused mainly on North America. It provides a graphic interface for data visualization and mining. The GeoStrat project, previously called PaleoStrat, is designed to include all relevant data and metadata types for stratigraphic-based data (http://www.geostratex. org/AboutGeoStrat.aspx).
The GBDB system
The Geobiodiversity Database (GBDB, http://www.geo biodiversity.com; Fig. 2 ) is designed to serve as a longlasting web-based database that provides public access to a broad spectrum of information about sedimentary rock records and fossil records around the world. The project started in 2006 and became available online in 2007. As of Oct. 28, 2012 , it integrated 81,233 references, 82,778 taxonomic names, and 188,215 fossil occurrences from 4,642 sections and 36,341 collections around the world. Among those, approximately 93,400 occurrence records were compiled into the database during the year 2011, and this number is expected to grow rapidly over the next few years.
The GBDB project aims to provide a digital compendium of all raw data in all stratigraphic and paleontological fields for any study that needs these data to research topics as diverse as regional and global correlation, quantitative stratigraphy, systematics, biodiversity dynamics, paleogeography, and paleoecology. It is unique among global public access databases in that it is a section-based online database system (Fig. 3) , incorporating data from a wide range of disciplines in paleontology and stratigraphy, with inherent interrelationships between different kinds of data sets. It provides the capability of completely digitizing raw data, as well as integrating different interpretations of the same paleontological and stratigraphic content. Several Windows-based visualization and analysis applications, either fully integrated with the database or supported by subset-export functions, have been developed to make the database more useful as a scientific and educational tool, including (1) Time Scale Creator, an application designed by James Ogg and Adam Lugowski (www.tscreator.com), and integrated into the GBDB web system in the summer of 2010 to Fig. 3 . Logic structure of section information in GBDB. Small white boxes outlined by dashed lines represent disciplines that will be integrated into the GBDB later.
are integrated into the system every year according to users' feedback. For example, during 2011, we added several new functions to the GBDB system, such as the chronostratigraphic and biostratigraphic data set support, export capability for the reference data, exporting of locality data to PointTracker, and a beta version of SinoCor 4. Five data compilers currently work at the Nanjing Institute for the GBDB project and add new data into the database every day.
Data sets and organization
The GBDB database is structured around several independent data sets, including bibliographic source reference, geography (locality or section) including present GPS values of localities and digital maps, taxonomy (fossil classification), stratigraphy (presently including litho-, chrono-, bio-, and eco-stratigraphic information), and fossil occurrence records (Fig. 4) . The data are mostly taken from the published literature but also include unpublished, but systematically studied data. Each record within these data sets can be linked to a record or records in other data sets. For example, one reference may contain several sections, each containing lithostratigraphic subdivisions and descriptions, and tens of fossil collections (Fig. 3) . Each collection may contain several taxonomic names, and each taxonomic name is linked to an original reference create graphic representations of section information, (2) GeoVisual, a web application that illustrates the distribution of stratigraphic or paleontological objects, such as specific sediment type or taxonomic group, and provides some basic illustration and analysis functions of paleogeography, (3) SinoCor, a desktop program used for the graphic correlation method of quantitative biostratigraphy, which, besides the basic function of graphic correlation, also provides attractive graphic representations of stratigraphic correlation, fossil range chart, and diversity curves, (4) CONOP, a desktop program for the constrained optimization method of quantitative biostratigraphy designed by Peter Sadler, which was supported by the GBDB system through the subset-export function in the summer of 2010, and, (5) PointerTracker, a desktop program for converting present-day geographic coordinates to paleogeographic coordinates (designed by C. R. Scotese; supported through the subset-export function in early 2011).
The GBDB became the formal database of the International Commission on Stratigraphy (ICS) in August 2012 at the 34 th International Geological Congress in Brisbane, Australia. A new major goal of the GBDB is to produce the integration of stratigraphic standards (e. g., the GSSPs) and comprehensive and authoritative web-based stratigraphic information service for global geoscientists, educators and the public.
The GBDB servers are hosted at the Nanjing Institute of Geology and Palaeontology, Chinese Academy of Sciences, one of the major research institutes for stratigraphy and paleontology in the world. The GBDB is an open system and that is designed according to users' requirements. New data sets and functions as well as subsequent publications in some cases that provided systematic revisions.
Reference data
Literature is the most important data resource for GBDB. It is necessary to link each record to its original publication so that subsequent users can check the data quality, verify the data, and even add their own opinions, with the original opinion as a reference for comparison.
The reference data set is structured with over 30 fields (Figs. 5 and 6), including author names, publication year, title, journal name, volume number, page numbers, and publishing language. The form also provides the DOI (Digital Object Identifier, http://www.doi.org/) link and the link to the full-text article in an existing online library, e. g., GeoScienceWorld (GSW, http://www.geo scienceworld.org/) or Biodiversity Heritage Library (BHL, http://www.biodiversitylibrary.org/).
As present, 81,233 literature records related to stratigraphy and paleontology had been compiled into GBDB. Simple counting of literature published in each decade since 1900 that have been incorporated thus far into the GBDB indicates a slow increase from the 1910-1919 decade to the 1950-1959 decade, ex- cept a moderate decrease in the 1940's that probably resulted from a decrease in publications during the 2 nd World War (Fig. 1) . After the 1940's there was a rapid increase in the number of publications until the year 1990. The subsequent stasis and abrupt drop during the next two decade may relate to two factors: a decline in field-based and systematic paleontological studies in recent years; and a delay in the availability of the most recent publications.
Paleontological data
Taxonomic classification provides the basis for all paleontological and related studies, such as those foGeobiodiversity Database 117 cused on some aspect of radiation, mass extinction, biostratigraphy, paleobiogeography, and paleoecology. Taxonomic information has the special attribute that any particular specimen may be classified as a different species or genera by multiple authors using different taxonomic concepts. It is not sufficient, therefore, to record only one taxonomic opinion, such as the cited name in the most recent publication. The database should provide the most comprehensive knowledge and range of opinions about each taxon, so that users can choose the opinion they prefer. This is essential for the maintaining consistency in taxonomic practice throughout a particular research project. Like other modern paleontological and neontological databases, the GBDB is constructed following this criterion. We record the raw data of each taxonomic name from the original publications, the revisions and comments recorded in subsequent systematic work, as well as the professional opinions of GBDB authorizers.
Each taxonomic record in the GBDB contains hierarchical information for eight taxonomic ranks from phylum to species and subspecies, as well as related reference information linked to the reference data set, identification features, and images (Fig. 7) .
There are 110,788 unique taxonomic names in the fossil occurrence records in the GBDB at present. However, after removing names in open nomenclature such as those with "aff.", "cf.", "ex gr." and "sp.", there are 82,778 formal, unique taxonomic names (Table 1) . Fig. 7 . A taxonomic record of graptolite in the GBDB. 
Stratigraphic data
As noted above, the GBDB is a section-based database and therefore incorporates the multidisciplinary information of stratigraphy, including lithostratigraphy, chronostratigraphy, biostratigraphy, chemostratigraphy, and ecostratigraphy ( Figs. 3 and 4) . The information from the different disciplines of stratigraphy, as well as the recording of different opinions on concepts from each discipline will facilitate studies on regional and global correlation, diversity changes, biogeographic distribution, and paleoecology. Fig. 8 shows a record in the lithostratigraphy subset. It contains reference information (i. e., Chen et al. 2006 ; linked to the reference subset), geographic information (Honghuayuan section; linked to the geographic subset), lithostratigraphic subdivisions, lithologic descriptions and measurements (from formation to collection), and fossil occurrences (linked to the taxonomy subset). At present, 4,642 sections primarily from China have been compiled into GBDB. Fig. 9 shows the distribution of the localities from China.
The biostratigraphic and chronostratigraphic subsets of the database were integrated into GBDB in the winter of 2011. They are documented in a separate interface, and linked to the lithostratigraphic subset. Fig. 10 shows the biostratigraphic information of the Wangjiawan North section, Hubei Province, China. The base and top boundaries of each biozone (marked in red in Fig. 10 ) were assigned according to the source publication (Ref. no. 74430, i. e., Fan et al. 2012, GBDB unpublished data) , and the subdivision of each biozone (marked in blue in Fig. 10 ) was calculated according to the thickness of contained strata of each biozone.
Geographic data
The geographic information of each locality, especially the latitude and longitude coordinates, is the basis of calculating and visualizing the spatial or geographic distribution of fossil taxa, and is essential for the temporal and spatial analysis of individual fossil groups. In order to qualitatively and quantitatively analyze the patterns of distribution of fossil occurrences it is often necessary to examine thousands of fossil records from various localities and document them on a digital 2D or 3D map (virtual earth), a geologic map, or a topographic map to rigorously analyze distributional pat- terns recorded by these occurrences. Once the fossil records are organized in a GIS spatial database, each record becomes readable in a virtual earth and can be easily linked to various kinds of data. For example, an occurrence of the graptolite Normalograptus extraordinarius (Soblevskaya) at Wangjiawan North, Yichang (China), the GSSP section for the base of the Hirnantian Stage (Upper Ordovician), is linked with the lithology of the sampled bed AFA 98, 20 co-occurring species, its first appearance in the underlying sampled bed AFA97 and last appearance in the overlying collection AFA99, its simultaneous occurrences in neighboring areas, as well as other paleoplates.
The geographic subset of the database is composed of over 20 fields, such as country, state/province, village, locality, notes (commonly locality name in local language), latitude, longitude, and altitude (Fig. 11) .
Opinion data
Any subsequent revisions of original raw data in the GBDB can be compiled into the database as information appended to the record of the raw data. A user can also contribute unpublished revisions to the raw data, which will be marked, for example, as "Chen 2012, GBDB unpublished data". Fig. 10 shows two different biostratigraphic assignments to the same section based on regional biozonation, i. e., Chen et al. (2000) and Chen et al. (2006) . Fig. 12 shows an example of taxonomic assignment to a fossil occurrence in the fossil list of the collection ACC 356 at the Huanghuachang section.
Data ownership and sharing
The GBDB is designed as an open, public access online database, and it is anticipated that it will facilitate regional and global collaboration. Generally, we expect free sharing of published data among users. However, contributors of some of the opinion data coming from unpublished or in progress work may want to keep the data confidential or only share with specific colleagues before they are actually published. Therefore, to make the data available to everyone, but also to protect users' unpublished efforts, we have established the following criteria for data ownership and sharing:
(1) Data are placed under the name of the authorizer who organized the data compilation, verified and released them. He or she is also the only user who can revise the raw data if there is any inaccuracy or omission. Other registered users can attach their suggestions on revision to any record in GBDB which will be read by the authorizer of the record when he/she logs in next time. (2) The published data, such as reference records, taxonomic records and section descriptions from the literature are open to every user. Every registered user can add his/her own opinions to each record and has the option to set the opinion data as private or only shared with specific collaborators for up to 3 years. After three years, if the user does not extend the duration of the privacy setting, the record will be open to the public. (3) User can download any data available to him/her through the online GBDB platform. Several output functions (Fig. 13) were already designed to re-organize the data in user's subset and output them as formats for particular analyses, such as quantitative biostratigraphy, paleogeographic reGeobiodiversity Database 121 Note that three biostratigraphic assignments have been appended to the section, two based on regional biozonation and one based on international standard biozonation. The chart in the lower part represents the assignment by Fan (2012, unpublished data) based on the "International Standard, GBDB 2010". Each collection boundary corresponds to a name of biozone, percentage and absolute age. The percentage represents position within the biozone and the absolute age represents the age calculated based on the percentage and the age of the base of the biozone in the selected standard biozonation framework (e. g., South China Ordovician Graptolite Zones). The biozonation information and percentages in red in the right hand column were assigned by the user, and those in blue were calculated automatically according to the thickness of contained strata of each biozone. construction, paleobiodiversity and paleobiogeography. In Fig. 14, fifty sections were outputted as different sheets of a Microsoft Excel file, among which, the detailed information of the Huangban section is shown on the present sheet. All the information related to the section was re-organized and filled into the sheet, such as section subdivisions, fossil occurrences, chronostratigraphic and biostratigraphic assignments, lithologic descriptions, and sedimentary structures. (4) While user accesses the records in his/her online subsets, a notice will come out showing the contributor list and the proportion of contributions of each contributor to the present data set. The user is encouraged to contact and collaborate with those contributors.
User perspective of the GBDB web site
The GBDB system is composed of two parts, the actual GBDB database, and the online website for data compilation, searching, visualization and analysis (Fig. 15) . The use case diagram (UCD) describes the functionality of a system in a horizontal way. This use case diagram has only 4 major elements: the actors whom the system interacts with, the system itself, the services that the system can perform, and the lines that represent relationships between these elements. An actor is a person, organization, or external system that plays a role in one or more interactions with the system. The use case diagram is utilized to describe sequences of interactions between the system and actors.
In the GBDB online system, the principal actors include: -General user: An anonymous user who can access the system, use the search interface and online visu- alization tools to discover most data, but cannot submit, verify, revise, download and analyze data; -Registered user: A user who has registered with GBDB and who logs onto the system to contribute data, or access data and applications; registered users include data compilers, authorizers and administrators; -Data compiler: A user who has the right to compile raw data from publications, under the supervision of an authorizer; -Authorizer: An expert who has enough professional knowledge to verify and improve the quality of data; -Administrator: A manager of user-profile information that includes user name, password, affiliation, contact information and access level; -Applications: Software that interacts with GBDB to provide additional functionality.
The principal use cases for the GBDB include: -Submit data: Services that allow data compilers to enter and submit data to the database; -Verify data: Services that aid a professional (authorizer) in verifying paleontological and stratigraphic data; -Revise data: Services that aid a professional (authorizer) in adding published opinion or his own, unpublished opinion to an existing record; -Discover data and knowledge: Services that allow user to explore all open data sets; -Analyze data: Services allow registered users to use the online applications to explore data; -Download data: Services allow registered users to download specific data subsets generated through the search function, and use desktop applications to explore the data subsets; A. menu for anonymous user; B. menu for data compiler; C. menu for user who is both a data compiler and authorizer. Taxonomy and reference management items for the data compiler provide the ability to correct misspellings and omissions in the taxonomy or reference records that he/she entered during the past 72 hours, while the same items for the authorizer provide the ability to correct them at any time.
-Manage profile: Services that allow the administrator to manage user-profile information and allow registered users to maintain his/her own profile.
User authentication prevents unauthorized access to data entry forms. The three major actors, -anonymous users, data compilers, and authorizers -will see different menu tools on the GBDB homepage after login (Fig. 16) . Experts on specific fossil groups and/or strata can act as both data compilers and authorizer, who can enter data, verify them and improve them.
Quality control is a major concern, and considerable effort is expended to ensure that the data are free from data entry errors. The compilation of raw data can be carried out by students or people without any paleontological or stratigraphic background. There are several data dictionaries available in the GBDB that represent the standardized content of most fields, such as country name, lithology, international standard chrono stratigraphic unit, etc. However, this is only the first step of data compilation. Only those data that have been verified for accuracy and omissions by an authorizer can be visited by public users. The authorizer is the person who is responsible for the quality of the raw data and is also encouraged to input and link up-todate revisions to these data.
Data visualization, analytical tools and case studies
Data are the essential content of any database; the purpose of establishing a database, however, is to allow for the greatest possible use of it. Therefore, another important part of database is the set of analytical tools that can be applied to data. The GBDB system supports several kinds of data analysis tools, such as data visualization, biodiversity calculation, quantitative biostratigraphy, and paleogeographic reconstruction (Fig. 17) . Fig. 17 . Data analysis tools integrated in or supported by the GBDB system.
Data mining
Most users do not need to use all the data sets or all the data records in one data set in their research. Accordingly, as initially designed, the first step in using data is to use the search functions to discover the data records needed, to create data subsets and then transfer them to the visualization interface or export them to a local computer. At present, four search functions are available in the GBDB online system: search the bibliographic reference data set; search the taxonomy data set; search the section data set; and one specifically designed to search the co-occurrences of up to four fossil taxa. In each Geobiodiversity Database 127 searching interface, data can be queried by a combination of several fields, such as author, publication year and title in the reference search interface (Fig. 18) . Fig. 19 provides an example of the data query in the section data set. For example, a search to determine the distribution of the Wufeng black shale in China can use the criteria "Country = China, Litho-unit = Wufeng, Color 1 = black, Main lithology = shale" to acquire the section list satisfying the query (Fig. 20) .
After finding all the necessary records and adding them to a named subset, a user can access the functions in the subset interface to view these data or export them to a local computer.
There are presently three actions available for users in the section subset. (1) View section detail in a tabular form (Fig. 8) or a graphic form (see below) . In tabular form, a user can update the section data if he/she is the authorizer of this section record. (2) Plot all localities in the subset on global geographic, satellite or topographic map. Fig. 21 shows the distribution of 124 localities with black shales from the Wufeng Formation on the geographic map. A pop-up window will appear by clicking on any locality point, which provides a link back to the section record in the GBDB database. (3) Export data for these localities to desktop application software, such as PointTracker (program for to convert present-day geographic coordinates to paleo-coordinates, designed by C. R. Scotese), SinoCor (program for graphic correlation, designed by Junxuan Fan and colleagues), and CONOP (program for Constrained Optimization, designed by Peter Sadler; see case studies below). All the data can be reduced and re-arranged to fit the format of each program. For example, for the export function to SinoCor, only the fossil range data will be exported and re-arranged in one Excel spreadsheet.
Section visualizationintegrated TS Creator function
The powerful stratigraphic visualization tool, TS Creator, which was designed by James Ogg and Adam Lugowski (http://www.tscreator.com/), was integrated into the GBDB website in the summer of 2010. Fig. 22 shows the visualization of the Huanghuachang section, Hubei Province, China, which includes section measurement, biostratigraphic subdivision, lithologic subdivision, lithologic column, and fossil range-chart from left to right. The raw data can also be exported as a TS Creator format file and loaded in a desktop version of TS Creator to generate various stratigraphic charts such as regional and global correlation charts.
GeoVisual -an integrated GIS-based function for data visualization on maps
Visualization of graptolite occurrences using GIS techniques has at least three advantages: 1) providing the possibility to discern spatial patterns within the huge data sets; 2) conducting quantitative spatial analysis of fossil occurrences and their relationships with other paleontological and stratigraphic data sets; 3) each fossil occurrence record on the digital map is readable and editable, and linked to each other, so it becomes much easier to find the inherent relationship between records and different sets of data. GeoVisual 1.0, a tool used for geographic visualization and preliminary biogeographic analysis was designed and integrated into the GBDB in 2010 (Hou et al. 2010) . It provides the function of illustrating the distribution of a single taxon or several taxa and the spatial interrelationship between them, and calculating the area of distribution. It is also possible to statistically analyze the spatio-temporal relationships be- tween the patterns of a taxon distribution and other parameters such as lithofacies or benthic biofacies in the near future. Fig. 23 shows the distributions of the graptolite genera Dicellograptus and Climacograptus in China, including 323 localities for Dicellograptus and 561 localities for Climacograptus.
GeoVisual and biogeographic analysis
Based on approximately 30 localities, Zhang et al. (2010) studied the diversity and paleobiogeographic distribution patterns of Early and Middle Ordovician graptolites in South China. They investigated the biogeographic distribution of four graptolite groups with different ecological preferences, including Pseudisograptus, Isograptus-Parisograptus, Undulograptus austrodentatus, and Corymbograptus turgidus (Fig. 24) , and found that there was a parallelism between the distribution of different groups of taxa and the coast or shelf margin, suggesting that the distributions of the four groups may be controlled by water depth, basin morphology, and/or the distance from the coast.
PaleoGIS and paleogeographic reconstruction
Present latitude and longitude coordinates of a fossil occurrence typically do not represent the paleo-distribution of the fossil organisms at the time that they lived on the Earth. To reconstruct the paleobiogeographic range and examine the distribution of fossil organisms, we need to incorporate paleogeographic reconstructions, using software such as PaleoGIS (www.paleogis.com) or BugPlates (www.geodynam ics.no). PaleoGIS is a comprehensive collection of tools allowing the user to create, display, and manipulate paleogeographic reconstructions directly from the ArcGIS user interface as an extension. PaleoGIS allows the user to create a set of reconstructions with data that build upon and extend a default plate tectonic model. GBDB supports an early version package of Paleo -GIS, known as PointTracker, and also the latest version, PaleoGIS 4.0. Through PaleoGIS and ArcGIS, the GBDB enables examination of the ancient distribution of taxa, and also the dynamic changes of spatial distribution of taxa through time and their relationship with changing plate positions and lithofacies. Fig. 25 shows an example of brachiopod paleobiogeography by Shen et al. (2013) . The combination of the paleogeographic map, distribution of brachiopod fauna, and the cluster analysis of brachiopod biogeography reveals the biogeographic pattern of brachiopods and its evolution through time.
SinoCor, CONOP and quantitative biostratigraphy
Biostratigraphers have traditionally subdivided geologic time using the sequence of first and last appearances of only a small fraction of the available fossil taxa. Thus, there has been considerable scope for improving biostratigraphic resolution by incorporating as many first and last appearance events as possible (Sadler and Cooper 2003) . Modern semi-quantitative and quantitative approaches to stratigraphic correlation incorporate all of the available biostratigraphic data (and often other stratigraphic data as well) in constructing a finer model for regional or global correlation. Two quantitative stratigraphy packages are now supported by the GBDB: SinoCor 4.0 (graphic correlation, designed by Junxuan Fan and others; Fan et al. submitted) , and CONOP 9 (constrained optimization, designed by Peter Sadler, Kemple et al. 1995 , Sadler 2001 . These analytical tools provide the possibility for conducting high-resolution regional and global stratigraphic correlation, as well as analysis of paleobiodiversity through time and paleobiogeographic evolution.
SinoCor 4.0 provides a user-friendly, efficient way to conduct graphic correlation. One major disadvantage of graphic correlation is that it requires judgments from the user on how to generate the LOC (line of correlation), which is thought to be subjective and quite time-consuming. However, SinoCor 4.0 provides several mathematical algorithms for the generation of the Geobiodiversity Database 131 Fig. 23 . Distributions of Dicellograptus and Climacograptus in China, using GeoVisual. Red squares represent localities with Dicellograptus occurrence. Green diamonds represent localities with Climacograptus occurrence. These two data subsets occur on two different layers in GeoVisual, which means that users can choose to show either layer or both through the setting window in the top right. The shape, size and color of each kind of symbol can also be changed through the setting window.
LOC, and the ability to calculate the range extensions for each tested LOC, so that both expert judgment and quantification of economy of fit can be employed at each stage of the compositing process. Furthermore, except for the preservation of the final result, SinoCor provides the possibility of storing and loading the processing data in each previous step, such as selection of points and equations of LOCs. Users can use the ʻBackwardʼ and ʻForwardʼ functions to retrieve any previous data and operations. Because all the data and operations are saved in one SinoCor project file, users can pick up and continue their work at any time. Fig. 26 shows an example of the graphic correlation of eight Katian (Late Ordovician) -Rhuddanian (Llandovery, Silurian) sections from South China using SinoCor 4.0. The screenshot of the SinoCor 4 interface with the compositing of the Wangjiawan North section into the CS (composite standard) sequence indicates a highly comparable depositional ratio between these two sequences.
The fence diagram in Fig. 27 shows the automatic correlation of the eight involved sections based on the CS. Because the CS has already been rescaled to geologic time, if we draw a horizontal line from the left to the right, it will represent geologic time. It is obvious that the sections that encompass the greatest amount of geologic time are the Honghuayuan, Wangjiawan North and Fenxiang sections, among which the most complete section seems to be the Fenxiang section (Fan et al. submitted) . Junxuan Fan et al. 132 Fig. 24 . Paleogeographic distribution of some representative Ordovician graptolite taxa in South China (revised from Zhang et al. 2010) . The green triangles and light grey shaded area in the western portion of the study area indicate the geographic distribution of Corymbograptus turgidus and its close relatives; the white rectangles and light red shaded area from the middle to the east indicate the geographic distribution of Undulograptus austrodentatus; the blue diamonds and light blue shaded area indicate the geographic distribution of Isograptus and Parisograptus; the red circles and the light green, small, shaded area indicate the geographic distribution of Pseudisograptus. When taxon distribution is cross linked with biostratigraphic age data a clear pattern of evolutionary biogeography emerges. The distribution in the Upper Yangtze Region of these taxa indicate that axonophorans originated in deep, offshore environments from isograptid and pseudisograptid ancestors and subsequently migrated into shallow water regions Chen 2007, 2008) . These data were updated based on records in the GBDB. Fig. 25 . Global brachiopod paleobiogeography of Asselian and Sakmarian (Permian) superimposed on the paleogeographic map (from Shen et al. 2013) . The locality data were converted to the PaleoGIS-format file through the GBDB online system. The paleogeographic map was generated through the PaleoGIS 4 extension under the ArcGIS 10 environment. The coarse dashed lines indicate the boundaries between realms and the fine dashed lines indicate the boundaries of provinces, which are based on a cluster analysis of brachiopods (see Shen et al. 2013) . 
Future directions in GBDB construction
With the strong and continued support from the Chinese Academy of Sciences, the Nanjing Institute of Geology and Palaeontology (NIGP), and the State Key Laboratory of Palaeobiology and Stratigraphy (SKLPS), the GBDB system can be anticipated to be a stable, but quickly developing database in both design and data compilation.
The following achievements can be expected in the coming two years: (1) An increasing rate of record entry of about 100,000 records per year. (2) New data sets integrated in the GBDB system, such as chemostratigraphy and matrix of keys for fossil identification. (3) New analytical tools supported, such as paleogeographic reconstruction and paleoecology. (4) Update of the GeoVisual 1.0 with spatial analysis based on GIS.
We welcome participation and future collaborative efforts in database design, data compilation, and analysis.
